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ABSTRACT
An optical system was assembled for a study of spatial filtering
and partial coherence. It was used to produce enlargements of
microfilm images at a magnification of 12-X. Enhancement of
fine-detail contrast was obtained by means of a spatial filter that
transmitted most of the light diffracted by the microfilm negative
and absorbed about 60$ of the undiffracted light. The filter
increased the modulation transfer function (MTF) of the enlarging
system by a factor of about 1.5 measured at spatial frequencies lying
in the region where the eye is most sensitive. At higher
ii
frequencies, the enhancement became greater than was expected,
possibly because of phase effects.
The optical system was partially coherent and produced
coherent-noise blemishes in the enlargements. Consequently, a study
was made of the effect of decreasing the degree of coherence by
increasing the angular size of the light-source aperture. The 0.8 mm
aperture being used was replaced successively by larger ones ( 1 , 3
5, 10, and 20 mm) and by a completely diffuse system. The 10 mm
aperture (0.04 radians), which gave a coherence interval of 14.3 >um
on the negative, reduced the optical noise greatly and produced as
good a result in terms of the system MTF as compared to apertures of
higher coherence intervals. For the frequency range that is visually
important for a 12-X enlargement, it kept the MTF nearly equal to
that of a coherent system and made it distinctly better than that
obtained with the diffuse system. Spatial filtering with the 10 mm
aperture is possible for enhancement at high frequencies that become
important when enlargements much greater than 12-X are used.
iii
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A major problem in the microfilm industry is the precise transfer
of information from a negative to an enlarged usable copy. Many
times some of the fine details of the image are lost, thus placing a
severe limitation on the microfilm system. By designing and building
a microfilm projection printer that could reproduce the higher
frequency information (or the fine detailed information) more
faithfully one may extended the usefulness of a microfilm system past
its present limitations in use today.
Applications for this type of system can be numerous. A
possible beneficiary would be the medical industry in the recording
and storage of X-rays. The bulk of X-rays provide a storage problem
for medical institutions. If they could be reduced onto 35 mm film
the storage area necessary would be greatly reduced, and of course
the silver in the X-ray could be recovered at a great savings to the
hospital.
The major problem lies in enlarging these reduced images back to
a usable size. This has been where some of the information on the
X-ray has been lost in the past thus making this type of storage
system unfeasable. Through the usage of a partially coherent
illumination system in a projection printer utilizing spatial
filtering it may be possible to recover this lost information thus
making this system of reduction and re-enlargement feasable.
Another beneficiary of this type of a projection printer might
be the microelectronics industry where smaller geometries are always
being attempted in their devices. Through this type of enhancement
it may be possible to operate their printers at a higher modulation
with respect to a higher frequency than can presently be achieved
utilizing conventional printers to achieve these smaller geometries
and higher limits of resolution.
Most microfilm systems in use today utilize a high-gamma
recording medium to maintain acceptable contrast in the reproduction
of the original. A gamma of about 4.0 is normally obtained. This
system works quite well for printed material and line drawings that
have black lines on white background but fails to faithfully
reproduce continuous tone images or fine white lines on black
backgrounds. This poses problems for persons interested in
microfilming texts with both printed material and continuous tone
images in them.
The reason that these continuous tone images do not record well
in the high-gamma system is that its exposure range is too narrow.
As shown in the upper graph of Figure 1 , much of the tonal ranges of
the subject falls off the toe of the density versus log exposure
curve and is not recorded properly. Increasing the exposure is not
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Figure 1. Upper graphi normal microfilm system.
Lower graph j experimental system.
There have been requests from libraries and commercial
establishments for a solution to this problem. Some experiments have
been carried out by various organizations using a lower contrast
recording medium giving a gamma of about 1.2, as illustrated in the
lower graph of Figure 1. This system allows for an increased
exposure range to contain the continuous tone images with a tradeoff
of lower contrast in the printed text.
To boost this contrast back up to an acceptable level yet keep
the increased exposure latitude for the continuous tone images one
might suggest the use of unsharp masking or spatial filtering to
boost up the MTF.
Unsharp masking requires the production of a different mask for
every image generated thus making this system unfeasable for the
microfilming industry. A spatial filtering configuration that would
boost the contrast level of the image would require only one filter
for all images produced thus making it a more practical system over
unsharp masking.
Image Degradation.
It is physically impossible for any optical system to faithfully
reproduce in exacting detail an image of an object. The reason for
this image degradation arises from numerous sources. One of the
principle reasons is due to the physical properties of "light", that
portion of the electromagnetic spectrum which is visible. These
properties start with the wave theory of light leading to
diffraction. The phenomenon of diffraction can be explained by the
deviation of rectilinear wave propagation which occurs when a wave of
light advances beyond an obstruction . This occurs even in a
homogeneous media (ie. glass), thus the waves are diffracted .
Other reasons are due to dust, dirt, and blemishes such as bubbles
and imperfections on and in the optics themselves. Aberrations in
the lens also tend to degrade the image.
It is possible to identify a spread function of the lens which
then can be used to predict image formation. This function can be
explained as that function which describes image degradation. If a
point of light is imaged by a lens, diffraction and aberrations in
a
the lens cause the image to be not a point but an extended spot .
This extended spot becomes the point spread function (in two
dimensions) or when imaging a line the line spread function (in one
dimension) of the lens.
Fourier mathematics lends itself to explain image formation as
the formation of an image can be described by a convolution process.
In one dimension, an object o(x) is convolved with the transfer
function of the lens l(x) and forms an image i(x) . This can be
represented mathematically:
o(x) *l(x) = i(x)
The Fourier transform of these functions can be
calculated^
and
through Fourier algebra the convolution in the space domain is
replaced by multiplication in the frequency domain yielding:
0(f) x L(f) = 1(f)
Out of this mathematics has come much work in image enhancement by
spatial filtering, unsharp masking, and Wiener filtering techniques.
The Fourier transform of the spread function becomes the optical
transfer function (OTF(f)) of the lens. The modulus of the OTF is
the modulation transfer function (MTF(f)) of the lens. The MTF is a
measure of the reduction in contrast from object to image over the
spectrum . This function is extremely useful in evaluating the
performance of an optical system. The MTF provides a spatial
frequency spectrum reflecting the performance of the lens at all
7
spatial frequencies . Thus the resolution limit of the system is
the frequency at which the scanning and recognition system viewing
Q
the image can just separate the signal from the noise (where the
noise would be grain patterns in the film, or coherent noise from the
optical system).
Coherent vs. Incoherent Illumination.
There are three basic types of projection printer illumination
systems: 1) lamp and diffuser, 2) lamp and condenser lens, and 3)
point source and condenser lens. The present study is concerned with
several intermediate types that lie between type 2 and type 3.
The diffuser used in the type 1 system provides completely
incoherent illumination when used with typical white- light sources
(tungsten). The wave packets of radiation from this source are
extremely small and randomly out of step with respect to each other.
A characteristic of this type of illumination is that it is linear in
light intensity and, therefore, also linear in intensity transmittance
of the sample.
Images made with this type of illumination tend to be soft with
almost no image blemishes caused by dust and bubbles in the optical
system. Because the illumination comes from various directions, no
sharp shadows are cast by the dust and bubbles. The resolving power
is high but the contrast of the fine detail is low.
A point source illumination system provides spatially coherent
(laterally coherent) illumination which tends to give enhanced edge
contrast in the image. Because the illumination comes from one
direction, sharp shadows are cast by the dust and bubbles in the
optical system and cause image blemishes. This phenomenon is known
as coherent noise.
A coherent optical system is one in which the relative phases of
the light waves are invariant with respect to time. The illumination
reaching a plane has a phase which is time invariant with respect to
the phases of the wave packets at all other points on the plane. For
example, if the light is collimated and reaches the plane at normal
incidence, all points on that plane have the same phase^. This
type of coherent illumination can be achieved by either a point
8
source laser system which is monochromatic and both spatially and
temporally coherent or a white-light point source system which
achieves spatial coherence.
A property of coherent imaging systems is that they are linear
in light amplitude and, therefore, also linear in amplitude
transmittance, where the amplitude is equal to the square root of the
intensity.
The light-amplitude distribution of the image made by a point
source printer is related to a two-dimensional Fourier transform of




Figure 2. Optical Fourier transform system.
A negative inserted at P- with transmittance s(x,y) forms a
two-dimensional Fourier transform S(w ,w ) at P? ",1.
Lens L- is sometimes referred to as a Fourier transform lens. A
second lens L~ can be inserted which inverse transforms the image
at ?^ and reconstructs the image of the original object at P,
(note: it is not always necessary to have lens L, in the system
for the inverse transform to occur and reconstruct the image).
A condenser illumination system can introduce a degree of partial
coherence into the optical system by the amount of underfill from the
source onto the projection lens. One means to underfill this lens is
by introducing a small aperture between the source and condenser
lens. This aperture now acts as a "point" source for the system.
Thus the size of this aperture (or pinhole) can control the degree of
partial coherence in the system.
y^~/
Source Aperture
Figure 3. Partially coherent illumination.
12
Radl investigated image quality dependence on partial
coherence in a projection printer by measuring the coherence interval
for five light source configurations using a shearing interferometer
at the object plane of the printer. He found that at a coherence
interval of 11 um or lower the image forming characteristics were
10
typical of an incoherent imaging system. He was able to explain
image degradation by a linear transfer function to this point. A
departure from linearity at a coherence interval of 71 um was noted
by ringing effects around the edges of the image. An emphasis in the
high frequencies of sine wave images was also noted. These
characteristics were typical of a coherent imaging system at this
coherence interval and above as stated by Radl.
Other investigators have demonstrated that by varying the degree
of coherence of the illumination system the frequency response of the
image can be altered . The normalized MTF of a perfect
diffraction limited system utilizing coherent illumination has been




Figure 4. MTF of a coherent illumination system.
It can be noted that for paraxial optics to a first order
approximation that the
quasiraonochromatic illumination is given by:
^, = NAcc -^
cutoff frequency for coherent
14
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where NA = n sin ; n = 1.0 for air. For totally incoherent





Figure 5. MTF of an incoherent illumination system.
where the cutoff frequency for incoherent illumination is given by:
C
>
Thus it is suggested that the MTF for a partially coherent imaging
system could take the following form:
'
Figure 6. MTF of a partially coherent illumination system.
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The cutoff frequency^ lies between that of a coherent and an
cp
incoherent system. It should be noted that for the partially
coherent imaging system there is a boost in modulation at the low to
mid frequencies over the incoherent system and also past the
frequency cutoff of the coherent system. This increase in modulation
results in a "sharpening" of the image edges resulting in an
"enhanced image" at that given frequency.
Enhancement Techniques Utilizing Spatial Filtering.
As previously mentioned a projection printer forms a Fourier
transform of the negative at the image of the light source in the
optical system if a point source is used. White light gives a
blurred transform and monochromatic light a sharp transform. Where
this transform occurs is known as the Fourier transform plane. If
quasimonochrcmatic coherent illumination is used in a projection
printer a far-field or Fraunhoffer diffraction pattern is formed at
the transform plane. This diffraction pattern is analogous to the
Fourier transform of the aperture function of the field distribution
17
on the object plane . A grating can be inserted as an object in







Figure 7. Location of the transform plane in an optical system.
This two-dimensional Fourier image formed at the transform plane
becomes a physical array of light points on a plane in space, each
point representing a particular spatial frequency with its brightness
18
proportional to the amplitude of that corresponding frequency .
These light rays are then further diffracted causing an inverse
transform thus reconstituting the image at the image plane.
The formation of this physical array of light points at the
transform plane provides a diagram of frequency points in which
unwanted frequencies can be blocked or partially reduced in
transmittance by spatial filtering. It was noted that the details of
an image can be changed by modifying the amplitude or phase of the
19
light forming this diffraction spectrum .
Each point in this spectrum represents, for any given
14
wavelength, a particular spatial frequency of a transparency in a
20
projection system . The central spot or zero order in this
diffraction pattern represents the average amplitude of the object,
the low frequency information lies adjacent to the zero order, and
the high frequency and edge sharpness information lie in the higher
order spots at a greater distance from the zero order.
Zernike discovered while working in his phase contrast
experiments which won him the 1953 Nobel prize in physics, that one
method of increasing the contrast in an image is to diminish the
amplitude of the zero-order light. An effective filter absorbing 75 '/.
of the light yielding 25/transmittance of the energy, or 1/2 of the.
amplitude of the light was suggested by Zernike. This resulted in
2?
doubling the contrast J.
21 22
It was suggested by Nelson
'
that edge sharpness and fine
detail contrast could be enhanced by using a spatial filter in the
plane of the diffraction pattern even when the degree of coherence is
considerably lower than that normally adopted for spatial filtering
experiments. A filter made of a clear, optically flat glass plate
bearing a light absorbing medium on it which will transmit a fraction
of that order in which it was placed was one possibility suggested by
Nelson. For example, a filter that would transmit 1/4 in intensity
or 1/2 in amplitude as used by Zernike, could be used. If this
spatial filter was used to absorb portion of the zero order an
increase in modulation could be achieved at higher frequencies
15
resulting in ah enhanced image.
Enhanced MTF
Non-enhanced MTF
Figure 8. Enhancement of the MTF curve by spatial filtering.
Nelson noted that when a partially coherent source is used the
diffraction pattern formed will be slightly "fuzzy". It will still
contain the higher orders of diffracted light dots which, when
utilizing spatial filtering techniques, will be transmitted by a
filter that partially absorbs only the zero-order light and the
adjacent orders representing low-spatial frequency information about
the negative. The spatial frequency discrimination is greatest when
the light is highly coherent, but high discrimination is not required
when the purpose is to transmit medium and high frequency information
for the enhancement of the fine detail in the final image.
Coherent Noise.
When a highly coherent source is used the problem of coherent
noise becomes much more severe. This shows up in the image as
16
unwanted side effects or blemishes. These blemishes can arise from
24
three sources . The first is from surface irregularities and
relief images that occur on the film. This is especially true of
processed film. One way to correct for this irregularity is to
immerse the film in a liquid gate with the liquid having an index of
refraction similar to that of the film.
A second blemish that occurs is that of fringing or ringing due
to the coherent illumination. To correct this problem it is possible
to lower the degree of coherence in the system or by properly shaping
the amplitude transmittance through spatial filtering.
The third type of blemish arises from the interaction of the
coherent light with dust particles and scratches in the optical
system. This tends to form high-contrast shadows of the defects
which are cast on the final image. The use of partial coherence is
likey to reduce this problem significantly.
17
EXPERIMENTAL
1. Optical System (refer Figure 9).
An optical system was constructed on an optical bench utilizing
pin mounting optic holders. This bench-mount system introduced a
major problem of alignment in the system as there was no provision
for positive centering of the different components.
The illumination system used was similar to Kohler illumination.
The light source was a 500 watt tungsten filament lamp mounted in a
Kodak Carousel slide projector. The projector lens was removed as it
did not provide for the correct object-image spacing relationship to
allow for a 1:1 relay system. A
six- inch Wollensak f/2.5 lens was
used in place of the projector lens mounted at a distance away from
the projector so as to provide the desired 1:1 relay. The plane
where the slide frame was imaged became the plane where the light
source template was located.
A 2 x 2 inch holder was positioned in this plane so as to
facilitate easy changing of the templates. The holder allowed for
positive positioning of the template thus alleviating any variation
in the locations of the different pinhole apertures used. The light
source template which now acts as the quasi-point source in the









































































were drilled to produce a single concentric hole in the middle of the
plate. The degree of coherence was varied by changing the size of
the "pinhole" or hole in the source template.
The condenser lens in the system was a 100 mm achromatic doublet
lens mounted in a holder which allowed the negative to be placed
immediately behind it. The lens was positioned from the template so
as to allow for a 3 s 1 reduction (magnification = 0.3) of the aperture
spot into the Fourier plane. It was necessary to use a lens of high
quality for this purpose so as to produce a good diffraction spectrum
and not produce any "hot
spots"
at the object or negative plane.
The system was designed to utilize a 35mm negative format (24 x
36 mm). This negative was located immediately behind the condenser






Figure 10. Condenser lens - negative carrier apparatus.
20
A negative holder was made so as to slide into the apparatus,
which allowed for easy changing of targets and positive positioning
to keep object-image distances constant.
The Fourier or diffraction plane occurs where the image of the
light source template comes to a focus when imaged through the
condenser lens. This is where the spatial filter is positioned as
the diffraction pattern of the negative is formed in this plane. The
system was originally designed to have the diffraction plane beyond
the projection lens but experimentation proved that its location
should be in front of the projection lens. All final experiments
were done with the diffraction plane occurring in front of the
projection lens. This was accomplished by using a long focal length
trimmer lens in front of the condenser lens which brought the
diffraction plane between the projection lens and the negative.
A device was made to hold the 2x2 inch glass plate containing
the spatial filter. This device was a holder with a hole in it the
approximate diameter of the projection lens. It incorporated an X-Y
travel micrometer to facilitate alignment of the spatial filter dot
with the light source aperture dot.
The projection lens used to produce the desired enlargement of
the target was a 105 mm f/4.5 Kodak enlarging lens which was used at
f/5.6 so as to reduce aberrations. The lens was positioned near the
diffraction plane at an object-image distance relationship that
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provided a magnification of 12.8 X of the negative. This
magnification was chosen as it closely approximates the magnification
of the microfilm projection enlargers which usually operate at 12 to
13 X magnifications.
The enlarged image was projected onto 8x10 in. Kodak Commercial
film, type 6127. The film was held in an 8x10 in. film back. This
film was chosen so as it could be handled under a no. 1 red safelight.
The film was of a medium fine grain which did not pose a problem, due
to the size of the film and the magnification factor involved.
2. Spatial Filter.
To avoid grain effects from the filter, Kodak High Resolution
Plates (size 2x2 in.) were used. To eliminate some of the phase
effects introduced by the light passing through the emulsion, the
filter was used in a liquid gate consisting of an oil with an index
of refraction similar to that of the -emulsion on the glass plate
(about 1.5). The spatial filter exposures were made with the light
source template imaged onto the glass plates through the condenser
lens. There was no negative in the object plane during the filter
exposures. Exposure time was extremely critical as these plates have
a gamma between 4 and 5.
The filters were exposed to a density of 0.36 to white light and
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0.43 to blue. This allowed a transmission of 0.37 to 0.44 for the
zero-order spot while nearly all other frequencies were unobstructed.
The spatial filter is of the same configuration as the template.
This configuration is a single concentric circle of density in the
center of the transparent plate. The size of this dot of density was
varied as the size of the point source template was varied.
The plate was processed in DK-50 (refer to Appendix A) according
to Kodak specifications.
3. Target and Method of Generating MTF's.
An original variable-transmittance sinusoidal test object
generated by R. L. Lamberts was reduced 3-67X onto
Panatomic-X film and placed in a liquid gate. The Panatomic-X film
was processed to a low gamma so as to avoid overmodulation problems
in the enlarged image when spatially filtered. Frequencies ranged on
the reduced target from 1.38 to 154 cycles per millimeter as
calculated. The higher frequencies bended to be lost in the
reduction process, though.
The MTF curves were calculated as follows:
MTF = Modulation (output) / Modulation (input)
where modulation (output) was derived from the microdensitometer
23
traces from:
/ I (max) +Modulation = I (max) - I (min) I (min)
The input modulation (target) was derived mathematically by plotting
actual traces for specular and diffuse systems and dividing by the
theoretical values calculated from theory.
The curves plotted were smoothed by a step-wise linear regression
routine. All the curves represent either a second or third order
fit.
For the spatially filtered exposures, curves are represented as
percent modulation of the output. An enhancement curve was plotted
and calculated by:
/ % McE(f) = iSMod (filtered) od (unfiltered)
4. Sequence of Experiments.
Coherence series.
A series of six exposures were made by varying the degree of
coherence in the system by changing the aperture sizes at the light
source template. The series begins with a totally incoherent system
by the use of a diffuser in front of the condenser lens with no
template in place. A nearly coherent system is produced with the use
24








From this series a, family of MTF curves was generated.
Spatial filtering.
Pinhole sizes of 3 and 1 mm were used to investigate
enhancement by spatial filtering. Filters were made and used in
conjunction with these pinholes. Exposures were made 1) with no
spatial filter, and 2) with the spatial filter attenuating the
zero-order light spot. For the non-spatially filtered exposures the
filter remained in the plane but the density spot was moved to the
edge of the spectrum so as to minimize focus shifts due to the glass
plate of the spatial filter.
The exposure times were increased for the spatially filtered
exposures so as to keep the densities of the final enlargements the
same. Since the filter had a density of 0.44 to blue light the new
exposure time was calculated as follows (refer Appendix B):
25
T (filtered) =
10(log T ("n""*^) + D (filter))
A negative containing continuous-tone imagery and line work was
used to determine visual enhancement. Percent modulation curves were
plotted to show enhancement as a function of frequency using the sine
wave test object in place of the negative.
26
DISCUSSION OF RESULTS
1. Significance of Light-Source Aperture Size for Spatial Filering.
Initial spatial filtering experiments were performed using the
larger light-source aperture sizes of 20, 10, and 5 mm. These
apertures produced no visual enhancement effects on the images
produced. The reason for this is that the enhancement produced at
these spot sizes in the diffraction plane (with a magnification of
0.3 from the template) occurred at frequencies much higher than the
visual system could detect. It is possible to predict from theory
what spot size is necessary at the diffracion plane to produce visual
enhancement (refer Appendix C). A spot size diameter of 0.5 mm is
needed to produce enhancement at 7 cycles / mm and beyond in the
apparatus as designed. This is where the visual system MTF needs its
boost to produce the
"enhanced" images that the unaided eye can see
in a 12-X enlargement.
A spot size of 1.0 mm in the diffraction plane was used earlier
in experimentation but the visual enhancement was negligible, as this
would enhance beyond 40 cycles / mm. When an image was enlarged with
this filter size the enhancement was apparent in a half-tone image
-when examined through a magnifying glass, but was extremely subtle.
This visual examination confirmed that enhancement was occurring, but
at too high a frequency to be picked up by the visual system unaided.
27
A filter was produced with a spot diameter of 0.5 mm for use
with a light-source aperture of 0.8 mm that gave a zero-order light
spot with a diameter of about 0.24 mm in the diffraction plane. When
this combination was used in the projection printer, significant
visual evidence of enhancement was apparent in the image. Using this
same configuration sine-wave targets were exposed with and without
the spatial filter to quantify these results. The two exposures were
processed in the same tray so as to minimize processing variability.
From the percent modulation graphs (refer Figure 11) an
enhancement factor E(f) was plotted (refer Figure 12) showing
enhancement factors of 1.08 at a low frequency and about 1.5 within
the frequency range where the eye is most sensitive. At higher
frequencies, an enhancement factor as high as 3.85 was measured. The
jump at the higher frequencies was unexpected and not completely
understood. One possible reason for this significant boost would be
phase effects. The enhancement factor of about 1.5 in the middle
region is in approximate agreement with the theoretical factor of
1.58 calculated for a spatial filter having a density of 0.44 (0.40
above base plus fog).
The two graphs do show that spatial filtering can be used to
boost the MTF of a microfilm projection printer system and thus
increase the contrast of the final image.
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Figure 11. Experimental results with sine-wave test object.











Figure 12. Enhancement factors (modulation ratios) derived
from data plotted in Figure 11. Theoretical curve calculated
from filter spot size and density.
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The first filters had a neutral density of 0.57. Initial
reactions were that a range of 0.50 to 0.60 would be a good density
to work with thinking that the higher the density the better the
boost in modulation. The first few spatially filtered exposures
showed a phase reversal at high contrast areas (i.e., dust spots)
which would show up as dark spots where they were light spots on the
unfiltered exposures.
This was the first evidence of overmodulation (see Appendix D).
These overmodulation effects suggested that the filter density was a
critical factor. It was decided to lower the density of the spatial
filter to minimize this effect.
It was observed that the filter's emulsion produced a yellowish
colored density spot. This suggested that its absorbance was higher
to blue light than to white light. As the film being used was Kodak
Commercial film which is an orthochromatic film with its prime
sensitivity to blue light, the effective density of the filter could
be best measured by reading it with a blue filter on the
densitometer. The density, which was 0.60 to white light, rose to
0.80 when read with a blue filter. It was therefore decided that the
density reading to blue light would be used to measure the effective
density of the filter.
New filters were produced with an effective density of 0.44 to
blue light, which helped minimize the overmodulation problem.
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Because the density of the glass plate plus the gelatin and fog in
the area surrounding the filter spot was about 0.04, the net density
of the filter spot was 0.40.
3. Alignment of Spatial Filter.
The alignment of the spatial filter proved to be a challenging
process. It was necessary to make the spatial filter with a slightly
larger pinhole than would be used to illuminate the filter plane to
facilitate alignment. For example, a 1.6 mm aperture was used to
expose the spatial filter while a 0.8 mm aperture was used as the
actual source when spatially filtering. It was observed that there
seemed to be some
"spreading"
of the density dot which made it
necessary to go to a smaller source. This had the effect when
spatially filtering to not only filter the zero order light but also
filter some of the lower-frequency diffracted light.
'With a 3:1 reduction in magnification in the diffraction plane,
the 1.6 mm light-source aperture produced a filter spot of 0.5 mm.
This was the smallest filter produced as well as the most difficult
to align due to its size.
The alignment consisted of placing a blue filter over the
template which increased the effective density of the spot to the eye
due to its yellowish color. A very thin diffuser sheet was placed in
front of the condenser lens to provide for background illumination
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during alignment of the filter dot with the light spot. The X-Y
travel of the filter holder made fine alignment travel possible. A
focus check was done by adjusting for minimum parallax error with the
density spot and the light source spot at the diffraction plane.
All alignment was accomplished by sighting through the
projection lens. A helpful aid in alignment was a simple magnifying
glass which allowed for better focusing of the eye on the edges of
the filter and light spot.
Alignment of the filter is somewhat critical. If part of the
zero-order light is not attenuated it tends to cancel some of the
spatial filtering boost in contrast.
4. Stray Light.
Stray light in an optical system is another problem that is quite
common. Stray light tends to affect the final image by lowering the
contrast and effectively reducing the visibility of
fine-detailed
information (high frequency information). If the problem is severe
enough it can cancel the gain obtained in contrast from the spatial
filtering. This is especially true in a spatial filtering system
because the effect of the filter is to reduce the illumination level
from the source and increase the exposure time.
The stray light then
has more time to have an effect on the
image.
Initial experiments showed absolutely no enhancement
of the
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fine-detailed information. It was decided that stray light was the
culprit. A system of baffles and light tunnels were constructed to
alleviate any stray light from the room. These efforts tended to
substantially help in darkening the room but did not result in an
increase in enhancement.
The projection lens was examined and showed a smokey coating
over its internal elements. This coating effectively spread the
light enough to add enough stray light into the system to cancel out
any enhancement from the spatial filtering.
To correct this problem two things were done; 1) the lens was
replaced with a 105 mm lens which did not have the coatings on its
inner elements, and 2) the diffraction plane was moved in front of
the projection lens by introducing a long focal length trimmer lens
in front of the condenser lens. This in effect moved the diffraction
plane without disturbing any other components in the system.
Moving the diffraction plane in front of the projection lens
substantially reduced the
possibilities of stray light defeating the
purpose of enhancement. The spatial filtering is performed before
the light entered the projection lens.
The location of the diffraction plane tends to be significant
with respect to stray light as its effects
are minimized when the
plane is located in front of the lens. The literature suggests that
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spatial filtering can occur with the diffraction plane in either
location. This may be true if stray light was not a problem.
5. Frequency Limitations.
This investigation was limited by the maximum frequency that
could be reached. The design of the optical system working at f/5-6
allowed for a maximum frequency of 60 cycles/mm to pass through the
projection lens.
Figure 13. Frequency limitation of lens.
When the sinusoidal target was reduced in size for use with this
system, high frequency information was lost by the copying system.
The end result was that frequencies beyond 33 cycles/mm could not be
accurately detected on the
microdensitometer trace due to the low
signal to noise ratios.
Considering that the coherent cutoff frequency
was 186 cycles/mm
(refer Appendix E) and the incoherent cutoff frequency was 372
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cycles/mm, this investigation was unable to cover as broad a
frequency range as would have been desirable.
The range
_
investigated does represent a practical frequency
range for a microfilm system working at 12 to 13-X enlargement, as
these frequencies cover the frequencies of the visual system MTF when
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Figure 14. Visual system MTF.
6. Light Source Aperture Series.
An aperture series was experimented with to determine an optimal
boost in the MTF due to partially coherent illumination and minimal
coherent noise. This aperture series was 20, 10, 5, 3, and 1 mm
sizes in diameter. A totally diffuse exposure was made by placing a
white plexiglass diffuser in front of the condenser lens. The MTF
for this diffuse exposure was used as a reference MTF to compare the
other apertures to. No spatial filtering was utilized in this
system.
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The diffuser and the 20 ram apertures gave similar MTF curves
(refer figure 15) while there were no significant differences between
the MTF curves for the 10, 5, 3, and 1 mm apertures. The diffuser
and the 20 mm aperture acted as an incoherent system with the MTF
falling off more rapidly than the other apertures, which acted more
like a coherent system with respect to the frequencies investigated.
This corresponds to coherence intervals of 14.3 >um and larger for the
approximately coherent systems, and coherence intervals of 7.2am and
smaller for the incoherent systems.
There was a significant change in the coherent noise
characteristics of the different apertures. As the coherence
intervals increased so did the amount of coherent blemishes showing
up on the image. Given a reference level of 11 blemishes per unit
area for the diffuse exposure, 20 blemishes per unit area were
observed with the 10 mm aperture (coherence interval = 14.3 Aim) and
42 blemishes per unit area for the 1 mm aperture (coherence interval
= 142.1 jum) (refer to Appendix F for coherence interval
calculations).
This suggests that for the range of frequencies investigated the
10 mm aperture will provide as much boost in the MTF curve as a 1 mm
aperture with 50 percent less coherent noise in the system. It
should be noted that these aperture values may not necessarily be the
same for another projection printer system giving the same coherence
intervals. It is the angular size of the light-source aperture that
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determines the coherence interval on the negative, and comparisons
made in terms of coherence intervals are more significant than those
made in terms of linear diameters.
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CONCLUSIONS
This experimentation resulted in the conclusion that spatial
filtering does boost the MTF of the system at the frequencies where
the visual system "needs help" to increase contrast of finely
detailed images. As it stands now the system is somewhat impractical
and needs more refinement. The major problem of the system is the
long exposure times needed for the spatially filtered exposures which
allows any stray light in the system to negate the effects of the
spatial fitering enhancement. It may be possible to go to a more
intense source such as an arc-type lamp.
It was also shown that a totally coherent source or a
monochromatic source is not necessary to perform spatial filtering.
This system utilized a
"white-light"
source as opposed to a laser
which would have been more complex and expensive.
Another conclusion reached from this experiment is that to
minimize stray light effects the
diffraction plane should be located
between the negative and the projection lens so that spatial
filtering can be performed before the
light enters the lens.
A second major problem encountered is that of coherent noise
resulting from the necessity
of such small apertures or pinholes. It
is suggested that a plurality of
sources may lower this degree of
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coherent noise as has been demonstrated by the experimentation
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conducted by S. Musser . It was suggested that a noise filter
could be constructed to block out the coherent noise frequencies but
the operating frequency range of this system was too small to benefit
from such a filter.
The light-source aperture series resulted in the conclusion that
a coherence interval of 14.3 /urn (corresponding to the 10 mm aperture)
acted to boost the MTF of the system above that of the diffuse
exposure with minimal coherent noise. Any larger coherence intervals
(or smaller apertures) did not significantly boost the MTF over that
of the 10 mm aperture but did significantly increase the coherent
noise level.
It may be possible for microfilm projection printers presently
manufactured using some type of point source illumination to enlargen
their
"point"
sources to give this coherence interval and thereby
reduce their coherent noise problems.
It should be noted that these coherence intervals are too small
(apertures too big) to facilitate spatial filtering with a 12-X
enlarging system, as any
enhancement would occur at a very high
frequency which the visual system
would not detect. For enlargements
much greater than 12-X, spatial filtering would become possible with
the 10 mm aperture.
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Suggestions for future work would include the investigation of
the use of evaporated aluminum filters on glass to minimize phase
effects. It may be desirable to try a series of filter densities to
find an optimum filter density which would produce enhancement yet
minimize overmodulation problems. It might be suggested that
different filter configurations be studied such as one that may allow
the passage of the zero order light but attenuate low frequencies.
This filter would not suffer from increased exposure times over the
unfiltered exposure yet would lower the contrast of the low-frequency
information without lowering the contrast of the fine detail. The
gamma of the positive material can then be greater than would
otherwise be appropriate from the standpoint of retaining shadow and
highlight detail. The high gamma gives the desired boost in





Processing of Kodak High-Resolution Glass Plates, Type 2-A, Cat.
#125-2063:
Develop: 3 minutes in DK-50 undiluted at 24 C
Stop: 30 seconds in Kodak indicator stop bath
Fix: 5 minutes in Kodak hardening fixer
Wash: 2 minutes in running water
Permawash: 3 minutes in hypO clearing agent
Wash: 5 minutes in running water
Dry: allow to air-dry overnight
Appendix B.
Calculating new exposure times for filtered exposures:
Given a constant exposure value H :
non-filtered exposure: Log HQ
= Log E + Log T
filtered exposure: Log HQ
= Log E + Log T - Dfilter
Log E + Log T^nt










Appendix C. Calculation of the spatial frequencies at
which enhancement occurs.
The spatial filter was positioned in the diffraction
spectrum plane (Figure 9) so that the circular spot of
undiffracted light (zero-order light) in the center of
the spectrum was centered on the light-attenuating area
of the filter. The light-intensity profile of the
undiffracted light is shown in the following diagram,
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x (distance from center)
30 20 10 0 10 20 30 cycles/mm
f (spatial frequency)
The spatial frequency associated with each value of x
is shown by the lower scale. This relationship between
x and f is given by diffraction theory and is found in
Principles of Optics by Born and Wolf, Pergamon Press,
1965. The formula is x = ADf , where X = wavelength of light
and D is the distance from the negative to the spectrum
point corresponding to the frequency, f . The wavelength
that applies in the presentstudy is assumed to be 0.00047 mm
because the print material is blue sensitive. The distance,,
D,was approximately 75 mm. When f
= 7 cycles per mm,
x = 0.00047(75)7 = 0.25 mm. This value of x lies at the
edge of the filter spot. When f is 20 cycles per mm,




According to Zernike the enhancement factor, E,
is the reciprocal of the amplitutde transmittance of
the filter. This transmittance is the square root of the
intensity transmittance. The amplitude transmittance
of the filter used in the present study was 0.63. The
enhancement factor of the filter is, therefor, ex
pected to be 1/0.63 or 1.59. If the zero-order light
spot focused on the filter were infinitely small in
diameter, the enhancement factor would be 1.59 at
7 cycles/mm (which falls at the edge of the filter
spot) and the enhancement function would follow the
dashed line in the following graph:
10 20 30 c/rai
(spatial frequency)
However, because of the relatively large size of the
actual light spot, the enhancement function is given
by the solid line, which may be derived by applying
Abbey's theory of image formation as described in
Principles of Optics by Born and Wolf.
Appendix C (continued)
The modulation trans
fer function (MTF) of a
photographic system may
be calculated by
cascading the MTF*s of
the system components











as shown in graph d.
The product of this
factor and the corres
ponding ordinate value
of the curve in graph c
gives the MTF for the
enhanced system (dashed
line in graph e) .
The enhancement is
expected to be visible
if it occurs within a
spatial frequency
region where the effec
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Overmodulation (refer Figure 16).
Overmodulation occurs in spatial filtering experiments at
high-contrast image areas (i.e. dust spots, scratches, etc.) when
the filter density is too high. These high-contrast areas which are
dark spots on the negative show up as dark spots on the final image
where they normally would have been light. These areas have
undergone a 180 phase reversal in light intensity resulting in the
density change from low to high.
To lessen this problem, 1) the contrast of the negative must be
lowered, or 2) the density of the spatial filter must be lowered.
Appendix E.
Calculation of cutoff frequencies.











-893 Ncc = flTKf* = 186 c^les/mm
The incoherent cutoff frequency is given by:



























Figure 16 . Overmodulation.
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Appendix F.
Method of calculating the coherence interval P.Pp on the
target in the optical system.
Coherence interval r P.p. = 1,2|
R **
where R is the distance from the negative to the light-source
aperture, and d is the diameter of the light-source aperture.
Calculations were made at 7^*= 480 nm.
Note: Formula for coherence interval is that as appears in
Principles of Optics by M. Born and E. Wolf, Third Edition, page
511, Pergamon Press, 1965, London and New York.
Appendix G.
Raw MTF data points on smoothed curves for light-source aperture
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